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tklicnwM Set sees UiK'ia meise 
Kasatxi is tli(ki jal is (rot^ >t<( ■( testa tsve 
km Hfll-AviisrulxJ is the literature te.g.. see 
lei- 1). Boise studies fvrlciWii is ss istcVic 
vioi Ccaarl ksxr dasc results iisilsr to those 
oktaineJ is fli(i£ tests-' hsasoc- has theo- 
rized C ha t elongated Utkalrate eddies entering 
the fas islet iannt static testing are respossi- 
klt for the increased i rnd i sr aial blade passing 
Cose seise observed in these tests- Thus, it is 
necessary to control turbulence and other ictlos 
disturbances in static turbotan noise studies to 
reveal noise generating nrchasisas which would 
otherwise be masked by inflow disturbance induced 
noise- A timber of inflow control devices, which 
have been tested and reported in the literature, 
showed varying success in reducing the tan blade 
passing tone levels le.g., see Kef. I to 71- 

In the present study, the inflow control de- 
vice (ICD) of Kef. 1 and two modi t icat ions ot it 
were tested on a tan model in the Lewis anechoic 
chamber. These int low control studies were per- 
formed as part of a larger acoust ic evaluation ot 
this fan. 

The fan did not have a sufficient number of 
stator vanes to cut off the rotor-stator interac- 
tion tone at blade passing frequency. Although a 
cut-off -iesign would have been more desirable tor 
isolating blade passing tone noise mechanisms in 
an inflow control study, earlier results from the 
Lewis anechoic chamber showed that rotor-inflow 
interaction could control tone generation even tor 
a cut- on fan it the rotor-stator spacing is large 
enough. In the earlier study Isee Ret. 4). the 
basic configuration of the 111) was tested in both 
cut-on and cut-ofl coni igurat ions. The minimum 
rotor-stator spacing on this fan was 1.5 mean 
rotor chords. These earlier tests showed the 
blade passing tone level to be controlled by in- 
flow disturbances interacting with the rotor, 
rather than rotor-stator interaction, even with 
the cut-on conf igurat ion, suggesting that inlet 
fsn noise in static testing is largely due to in- 


f law disturbance* t«r smtt iciest ratar-SUtat 
■paring- TV present experiments provide a fmi— 
:krr check as :ku point as aril ms exploring 
passible refinements u ttr 19 cautmetum. 


II. Apparatus mad fr.v ca« re 
Amecbeic Oi ■mVet 

Tie results presented kerrn were aktmiatd tm 
;kr SANA Lewis mar. k.' ic :iadet, vkick is de- 
scribed is detail ta be*. *. Figure 1 is m pbeta- 
grmpm of (be research 'aa installed is the jercka- 
ic chjndher vitkmt (he imlet flow centre 2 device. 
Tima ICC elevmtioc views ot the facility are gives 
in Figs- Tim) and iki. Cmltbrmtioc of the c Vnfe r 
showed it to be msecawMC to within 7 7? for fre- 
qwr-nrie* above TOO Ex- The r 1 —her lev be oper- 
ated la either a '-w' leer opes” moor is which the 
airtiew primarily eaters through the silencer, or 
is an .Aspirating mode is whi-h the silencer IS 
closed and air enters the chamber through alptrmi 
leg areas c-s the chamber floor and wails- All of 
the results presented herein are fox the muffler 
open node ot chamber operas ton. 

Research Fan 

The test fan used in this study was designed 
snd fabricated by AiSesearvh Nanuiactunng Company 
of A -l zona as a 50. 8 cm 110 in.) tip diameter 
scale model of a 73.0 cm 17$. 7 in.) fan which they 
had built and tested earlier under contract to 
k ANA- Lew l s. Details ot this fan stage design may 
be found in Kef. 9. Reference 10 presents aero- 
dynamic and acoustic performance ot the model fan 
stage in the Lewis anechoic chamber. The design 
rotor tip speed of this fan of m/sec t lt>0O 

ft/sec) results in a blade relative Mach number 
equal to one at slightly greater than 607 design 
fan speed. The design stage pressure ratio was 
1.5. The rotor-stator separation was l.t>3 mean 
rotor chords. 

The research fan had sufficient aerodynamic 
instrumentation to establish the operating point 
in terms of pressure ratio and mars flow. This 
ins t runentat ion included inlet thermocouples and 
static pressure sensors for inlet mass flow cal- 
culations. and total temperature and pressure rise 
measurements across the stage- These measurements 
were processed through a pressure multiplexing 
network and computer system to calculate aero- 
dynamic parameters. The lan operating line was 
controlled by downst ream valves at the collector 
exit. Performance parameters were corrected to 
standard day conditions ot a temperature of 288.15 
K (518. b7° R) «nd an atmospheric pressure of 101 
kPa ( 7b0 mm Hg. ) . 

Figure 3 shows a cross-sectional sketch of 
the fan stage as installed in the anechoic cham- 
ber. Also shown on Fig. 3 are some design parame- 
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Fags re l shetat a crass- sect ratal sketch mt 
the three variatiaes at tie > >Si-i(vii inflaw cec- 
trsl device (ICS). The hast' coaf igurati<— •*.e- 
scrihel ia lei. 4. caasutti af i cm (2 thick 

hsaeycaah over a 401 apes area screes a> p- 
partel k a st ras t er. 701 op.-c area s.tt. J. [he 
se c ea f ICS coal igsrat ias coaeutea af the aMitiaa 
of a 701 ap es area screes r apport el 10 ca (4 is. ) 
inside af che basic strsetare. The at sly reported 
ia lef. 11 fcrxad such a doaastreaa screes ssefsl 
ia caAisatias with h on e ycomb /screen flaw aaaipe- 
latsra ia itfaciai the tsrhulewce isteasities. 
tefcreace 7 reports the re salts of as ezperiseotal 
faa asise study far a similar ICS with a dowa- 
stieaw screes supported 5 ca (2 ia. ) reside the 
basic sc rue Cur.. The tef. 7 I CD was not tested 
without the inner screes is place. 


Far field acoustic data were availed aa a 
7.4 a (25 ft) radius frsa l» ca fesa Che 
faa islet asis ( ia 10* iacreaaacs). Sisals 
frsa che 0.44 ca (0.25 ia- ) sic i aphas rs sere re- 
tarded as angnn ic ta p e far later aarraa bandwidth 
spectral analysis. The nstpnc af this aarrww 
bandwidth sound pressure lewel analysis sat digit- 
ised and t manat ted to a enpater far farther 
analysis- Csiag a counter re da ct ran pragma, 
narrow hmdwidth sawnd poser level apectrs acta 
g enerated far che forward art (0* ca 90* f ran 
the faa islet asis). 

The k-n nicrophane (seen ia Fig. 1) aas u s e d 
ta obtain continuous directieity results at a 
4.1 a (20 ft) .adius cratered ia the plaae af the 
fas islet highlight. The marrow ban d w idth spec- 
tral analyser was used ta warn tor the fnrdaasmul 
and first overtone leva's for these boon t reverses 
<00 ds baaawidth). 


Ill, lesslts sad Discussion 


lerodyaaaic gesults 

The fan operating sap (Fig- 7) shows the 
aerodynamic perforaaace of the research fan as 
tested in the aaecboic c hasher. ^ Host of the 
acoustic results presented in this paper are for 
the fan operation on the standard operating liae. 


The third ICS configuration adapted another 
experimental inflow control concept to the current 
ICO tests. This other inflow control concept con- 
sisted of an annular duct with a concentric bell- 
aouth located at the flight inlet lip. Suction 
was applied to the annular duct in an attempt to 
simulate a forward flight condition. The suction 
was intended to modify the fan inflow in the a*ea 
of the inlet lip to be sore representative of flow 
with a low fan forward velocity, with an expected 
reduction of the rotor-inflow noise. 

The third I CD c .a figuration reported in this 
study and illustrated in Fig. 5 was formed by aac- 
ing a portion of ti*e annular flow duct to the back 
of the basic ICD with the inner screen liner in 
place. In this configuration it was possible to 
use aft suction to remove airflow which aighc 
otherwise enter the fan inlet frost behind the 
highlight. It was thought that disturbances in 
the forward flow on the outside of the fan inlet 
or disturbances generated in negotiating the turn 
around the inlet lip would be superimposed on the 
inlet boundary layer, degrading the inlet flow 
near the fan tip, and possibly increasing the 
rotor-inflow noise. There was also concern that 
small irregularities in the attachment of the ICD 
to the fan inlet night induce inlet disturbances. 
Aft suction should eliainate this potential 
problen. 

In the ICD study of Ref. 7, suction was 
applied to the inner surface of the inlet duct. 

The results of this study suggested that suction 
was effective in further reducing the blade pass- 
ing tone with the ICD in place on the inlet. 

Figure 6 is a photograph showing the ICD in- 
stalled on the test fan in the anechoic chamber. 


Acoustic kesults 

Because of the high design speed of this re- 
search fan, most of the acoustic results discussed 
in this section will be for 60 and 702 of design 
fan speed. Above 702 design speed the rotor rela- 
tive velocity is well into the supersonic region 
where inflow control has little effect on strong 
multiple pure tone generation associated with 
rotor blade leading edge shock waves. Since the 
research fan in this study was a cut-on design, 
inflow control was not expected to substantially 
reduce the fundamental blade passing tone levels 
if they were due to rotor-stator interaction. 
However, as the following results will show, 
rotor-inflow interaction noise still appears to be 
the dominant fundamental tone generation uechanisa 
- even for the cut-on fan design. 

Tests of the original aft suction concept 
showed little tone reduction without the addition 
of an ICD to condition the bulk of the inflow. 

The results implied that disturbed flow at the 
inlet lip and inlet duct boundary layer is not the 
major source for the rotor-inflow tone noise gen- 
eration. 

Sound power level spectral . Sound power 
level (PWL) spectra were calculated for the for- 
ward arc. Figure 8 shows PWL spectra for 60 and 
702 design fan speed. Figure 8(a) compares PWL 
spectra at 602 design fan speed for the baseline 
fan stage without inflow control to spectra for 
the stage with the basic ICD, and to spectra for 
the configuration with the inner screen liner and 
aft auction. The basic ICD is seen to reduce the 
fundamental tone power level by about 8 dB. A 
further 4 dB reduction of the fundamental tone was 
realized by the addition of the inner screen liner 
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amd at t snct urn. TW ttrx ntitaw levels 
UtsifUld 2 x Iff am Fi|. Sis}) showed a nail 
nAKtisa wick tkt kastc ICD. kit were reduced am 
•Mituwl } 4k vitk Che aMitiaul inflow com- 
tral. The resales far the haste ICS with the 
liwer screes is place, kat so aft suction were 
e sses t tally the saae as these far the haste ICS. 
amt are aet rtw» aa this fiptre. 

Figure Ml shews the sawe comparison far Che 
faa operating at 702 af design speed. These re- 
salts are similar ta those of Fig. Ha), shewiag 
considerable redact ioa of the fsadaswatal Case 
lewel with the basic IO>. ami farther taae redac- 
tiaa with the additioe of the iaaer screes aad aft 
sacciaa. That ia the presence of the basic I CD to 
condition the bulk of the inflow, there is evi- 
dence that distarhaaces associated wtth forward 
flaw oa the outside of the faa inlet or with flow 
aroaad the inlet lip are present to geaerate tone 
noise. This contrasts with the case cited above 
tdaere without the I CD there was no effect of aft 
sac t ion. 

The rotor relative velocity is in the super- 
sonic region at <02 design speed for this fan. In 
Fig. 8(b) there is evidence of the initial stages 
of Multiple pare tone generation in the baseline 
(no inflow control) spectra at about 4 kHz and 
again between t it fundaaental and first overtone. 
These HPTs were essentially reduced to broadband 
levels in the spectra with inflow control. At 802 
design fan speed the nultiple pure tones were well 
established and essentially no difference was seen 
between the HPT levels for the baseline and inflow 
control cases. A sinilar observation on the ef- 
fect of inflow control oa suppressing HPT genera- 
tion in the trans-sonic rotor tip speed range was 
reported in Ref. 4. 

Sound pressure level directivity . Directiv- 
ity results for the baseline fan and for the fan 
with inflow control are shown in Figs. 9 to 11. 
These tone levels were obtained from narrow band- 
width SPL spectra (80 Hz bandwidth) fron the 
fixed, far field aicrophone signals and froa the 
microphone boow signal. 

The fixed-position directivity plot for the 
blade passing tone at 60Z design fan speed is 
shown in Fig. 9(a). The baseline results show a 
directivity pattern that is typical for rotor- 
inflow interaction in which the energies of many 
acoustic radiation modes are combined with no 
particular siodal -attern dominating the directiv- 
ity. (See Ref. 12 for a discussion of the addi- 
tion of acoustic modes.) 

Essentially similar results are seen with the 
1CD with and without the inner screen liner. 

A lobed pattern begins to appear in the directiv- 
ity with this level of inflow control, suggesting 
that a limited number of driving modes now control 
the directivity. However, with the addition of 
aft suction a different lobed pattern emerges at a 
somewhat further reduced level. As was previously 
discussed, the aft suction was expected to greatly 
reduce inflow disturbances originating from any 
disturbances introduced by the ICD-fan inlet 
interface as well as disturbances from forward 
flow on the outside of the inlet merging with the 
inflow boundary layer. This change in the lobed 
patter with the addition of aft suction gives evi- 
dence for the existance of such local flow prob- 
lems with the other ICD configurations. 


The direct iwitr wtth amiss iaflav camCrml 
(IO with aft suefiaa) dees met th aw a strugly- 
lsbed strurtvre. This suggests that the rest dual 
tarn fundamental tame is met controlled by a few 
rater-stator imteractiom generated modes for this 
faa speed aad rotor-stator spa.: tag il.i rotor 
chords). 

The coat iasoms- sweep SPL cirectivity results 
from the eicrophoae loom signal corresponding to 
the fixed point results of Fig. 9(a) are sh aw m ia 
Fig. 9(h). The results for the 1C9 with screea 
liner were omitted for clarity. Distinct lakes in 
the directivity structure for the base ICD results 
are quite evident in this figure. 

The blade passing tone SFL directivity re- 
sults at 702 desige fan speed (Figs. 10(a) and 
( b) ) show essentially the same trends as were ob- 
served for Ml design fan speed. The remaining 
lobed structure in the directivity with maximum 
inflow control suggests a tome contribution from 
rotor— statoi interaction modes. 

Directivity plots for the first overtone 
(Figs. 11(a) and (b)) show a modest tone reduction 
at all angles with the maximum inflow control con- 
figuration. The reduction of the first overtone 
with inflow control is considerably less than that 
observed for the fundamental tone. The results 
for the intermediate inflow control configurations 
fell between these two curves. 

Tone sound power level . li»c fan blade pass- 
ing cone sound power level is shown as a u~-lion 
of fan speed in Fig. 12. Inf low control is seen 
to be very effective in reducing this tone level 
at 60 and 702 design fan speed. The effectiveness 
of inflow control is greatly reduced at 802 design 
speed and above, where the rotor relative velocity 
is well into the supersonic range. Again, the 
addition of the inner screen to the ICD did not 
appreciably reduce the tone level. 

The approximately 3 dB reduction of the tone 
level with inflow control at higher fan speeds is 
due to a reduction in the rotor-inflow interaction 
noise at angles nearer the fan axis. For timple, 
Fig. 13 compares the blade passing tone SPL direc- 
tivities for Che baseline and maximum inflow con- 
trol configurations at 902 design fan speed. The 
directivity pattern associated with the rotor- 
alone tone generation at supersonic tip speeds 
peaks near 60° from the fan inlet. No tone re- 
duction was observed with inflow control at 60° 
to 90° from the inlet axis, where the levels 
were controlled by the rotor-alone field. How- 
ever, inflow control does reduce the tone level ar 
forward angles where rotor-inflow dominates. The 
net results are the small tone power reductions 
observed with inflow control at supersonic blade 
tip speeds. 

The choke operating line results of Fig. 14 
suggest that the moderate inflow control afforded 
by the basic ICD is more effective in reducing the 
blade passing tone for fan operation on the choke 
line than for operation on the standard line at 70 
and 802 design fan speed. Fan operation on the 
choke operating line results in a higher axial 
velocity for a given fan speed, Lhus slightly re- 
ducing the rotor-inflow incidence angle and rotor 
loading. These results suggest that such changes 
in the rotor operating condition may influence the 
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MMitint; of the kltit r** lu ( t«ae level to 
ieflee coetituai. 

Figaro IS jkow the first overtose HI ei a 
faectiea of faa yt l tor the haselise ud —si— 
iof low coot ro 1 coof iprit unt. Inflow control 
re soiled is ahsot a 5 dB redact ioa is the ooertoac 
at hOt desip fao sp eed . with decreasiag effect 
with iocreasiog fan speed. Thus, the first oror- 
tooe is coot rolled by rotor-iaf low interact 100 at 
lower faa speeds. with rotor alone tone generation 
becoaisf no re significant with increasing faa 
■Peed. 


IV. Swary of Results 

1. Kotor— inflow interaction appears to be a 
stronger source tfcss rotor-stator interaction for 
the forward radiated blade passing tone as evi- 
denced by the effectiveness of inflow control with 
this cut -on fan at a 1.6 rotor chord rotor-stator 
spacing. 

2. Aft succion used in conjunction with an 
inflow control device was beneficial in further 
reducing forward-radiated blade passing tone 
levels. This suggests that disturbances either in 
the forward flow or the outside of the fan inlet 
or associated with flow around the inlet lip nay 
be an inport ant noise generating nechanisn. The 
disturbances could also .one fron irregularities 
at the nating surfaces between the I CD and the 
inlet outer wall. 

3. The sensitivity of the fan blade passing 
tone level to inflow conditions is reduced when 
the rotor incidence angle is decreased by opera- 
tion on the choke operating line. 
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p1. Research fan installed in anechoic chamber. 
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Figure 2 . - Anechoic chamber. 




chamber and table of design parameters (dimensions are in cm (in. )). 
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Figure 7. - Fan operating map. 


BASELINE - NO INFLOW CONTROL 

WITH INFLOW CONTROL DEVICE (ICO) 

WITH ICD, LINER, AND AFT SUCTION 




Figure 8. - Sound power level spectra (80 Hz bandwidth), 
standard operating line. 
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Figure 13. - Blade passing lone SPL directivity at 7.6 m (25 ft) 
radius. 9W> design fan speed, standard operating line. 
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% DESIGN FAN SPEED 

Figure 14. - Narrowband blade pass- 
ing tone sound power level as a 
function of fan speed, 80 Hz band- 
width. 



% DESIGN SPEED 

Figure 15. - Narrowband 1st overtone 
sound power level as a function of 
fan speed. Standard operating line, 
80 Hz bandwidth. 


